Background: Dogs with sinonasal tumor can develop keratoconjunctivitis sicca (KCS) after radiation therapy (RT). In humans, the incidence of xerophtalmia is associated with the mean radiation dose received by the ipsilateral lacrimal gland (LG).
Conclusion and Clinical Importance: Contouring and applying a dose constraint on
LGs should be performed when using IMRT in dogs with sinonasal tumors to reduce the risk of KCS.
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dry eye syndrome, IGRT, IMRT, nasal tumor, organ at risk, xerophtalmia 1 | INTRODUCTION Radiation therapy (RT) is accepted as the standard of care for local control of sinonasal tumors in dogs. 1 Use of intensity-modulated radiation therapy (IMRT) allows radiation to be delivered with greater conformity as well as to reduce the dose to the organs at risk (OAR). [2] [3] [4] The OARs are nontarget tissues that could suffer important morbidity if exposed to radiation. In human's threshold or volume-related dose constraints such as Quantitative Analyses of Normal Tissue Effects in the Clinic (QUANTEC) 5 exist that predict the level of damage to certain tissues.
These thresholds are less well established in veterinary medicine.
Xerophtalmia (dry eye syndrome/Keratoconjunctivitis sicca (KCS)) is a condition characterized by insufficient tear production and can be secondary to lacrimal gland (LG) atrophy; it is a well-described adverse event of RT [6] [7] [8] [9] The incidence of KCS in the original proof of principle study on ocular sparing with the use of IMRT for the treatment of dogs with sinonasal tumor was 30% when using a 2D planning system and Cobalt 60 versus 3% with IMRT and TomoTherapy. 3 Treatment of dogs with sinonasal tumor with IMRT using a linear accelerator has a 42% incidence of KCS in the ipsilateral eye. 2 In human radiation oncology, a dose-response relationship between maximum dose to the LG and the development of KCS is established and that is an increase in KCS incidence was demonstrated as the LG mean dose rises to greater than 15 to 24.9 Gray (Gy). 10 There is a sigmoid dose-response curve showing a 0% incidence of KCS if dose to the lacrimal gland was <30.0 Gy and a 100% incidence if >57.0 Gy in 2 Gy/fraction protocol. 11 However, because the difference in canine and human anatomy, the dose-response relationship for the lacrimal gland and the development of KCS could be different.
Our hypothesis was that the eyes receiving a higher mean LG dose will be more likely to develop KCS and the aim of the study was to determine a starting threshold dose to use as constraint for IMRT planning for the LGs. (STT) (>15 mm/min), more than 6 months after irradiation (control eyes). STT used in our clinic is the STT I (Eagle vision, Memphis, Tennessee). The STT I is performed by placing a standardized 5 mm 9 35 mm strip of Whatman no. 41 filter paper in the ventral conjunctival fornix for 60 seconds, without the use of topical anesthesia. 12 KCS is usually suspected when STT results are below 15 mm/min and are associated with ophthalmic signs, such as hyperemia, mucoid discharge accumulation, and keratitis. 12 Exclusion criterion was preexisting ocular disease. Information retrieved from the medical records were: breed, weight, sex, tumor histology, modified Adams stage retrospectively; 
| ORIGINAL RADIATION PLANNING
All plans were generated using the Eclipse Planning System Version 11 (Varian Medical Systems, Palo Alto, California) using AAA algorithm.
All dogs had a structure set created. All dogs were contoured by an American College of Veterinary Radiology board certified radiation oncologist. The usual contouring technique was GTV contoured on CT after contrast in a bone window, and 1 cm CTV expansion confined to the nasal cavity but including the entire nasal bone (unless extra nasal mass was present then CTV was on a case-by-case basis) and the frontal sinus fluid if present. PTV expansion was a 3D-2 mm from the front of the eyes caudally and 3D-4 mm cranial to the eyes to account for pitch during radiation. OAR that was routinely contoured on the original plan included the right eye (oculus dexter-OD), left eye (oculus sinister-OS), left ocular lens, right ocular lens, and brain. The prescription for all dogs was 42 Gy in 10 fractions on a Monday to Friday schedule. The plan was normalized to ensure that 95% of PTV was receiving 95% of the prescribed dose. Effort was made to reduce the dose to eyes but target coverage was considered more important. No effort was made to limit the dose to the LGs at the time of original planning. 
| RADIATION TREATMENT

| FOLLOW-UP
The standard recommended follow-up for dogs with sinonasal tumors is a recheck every 2 weeks after radiation until acute adverse effects have resolved then every 3 months for a physical examination and if the owner wishes a follow-up advanced imaging. During these followup visits, it was at the discretion of the attending veterinarian to perform a STT and as STT was not routinely performed on all dogs, we elected to only include dogs for our control group with a normal STT as a more objective measure then a note in the medical record stating that the eyes were normal.
| CONTOURING OF THE LACRIMAL GLAND
On the dogs that were included in the study, a duplicate of the original structure ("lacrimal") set was created in the Eclipse planning system and 4 extra structures were created retrospectively and contoured for each dog: left LG, right LG, right TEG (accessory lacrimal gland of the third eyelid), and left TEG. The LGs and TEGs were contoured in the axial plane after contrast CT scan in a soft tissue window. 14 The volume of each LG and TEG was obtained.
| LACRIMAL DOSE CALCULATION
The "lacrimal" structure set was used with the original plan parameters to generate a dose distribution for the new structure set. For each dog, it was verified that the dose distribution was identical for all the original structures. Using the dose volume histogram for each LG, dosimetric parameters evaluated were: mean dose, maximum dose, V15 (volume of LG receiving 15 Gy), V20 (volume of LG receiving 20 Gy), and V25 (volume of LG receiving 25 Gy). Mean dose to both eyes (OS and OD), both TEG as well as the PTV were recorded.
| STATISTICAL ANALYSIS
Descriptive statistics were used for continuous data with mean or median values pending normality and categorical data with frequencies.
The 2 groups were analyzed for differences in the following factors: LG V15, LG V20, LG V25, LG mean, LG max, TEG mean, TEG V20, eye mean dose, and PTV. The variables were first analyzed for normality using the Shapiro-Wilke test. Either a 2-sample test or Mann-Whitney test was used for parametric data and nonparametric data, respectively. The incidence of KCS was calculated after stratification based on the mean LG dose. A P value <.05 was considered statistically significant.
All statistical analyses were performed using a commercially available software program (SPSS Version 23.0, SPSS Inc., Chicago, Illinois).
| RESULTS
A total of 25 dogs were treated during the study period. All dogs completed the radiation protocol within the 11 days prescribed. Five dogs which is similar to the published normal LG data. 14 Overall, the dose to the ipsilateral LG was significantly (33.1 ± 8.3 Gy versus 9.3 ± 5.8 Gy) larger for eyes that developed KCS versus control eyes (P < .001). The mean dose to the ipsilateral TEG was significantly larger (39.2 ± 4.2 Gy versus 23.1 ± 10.1 Gy, P < .001) for eyes that developed KCS but the ipsilateral TEG V20 was not significantly different (92% versus 58%, P = .06). The dose to the affected eyes as a whole and was also significantly larger (P < .001) whereas the PTV volume between affected dogs and control was not significantly different ( Table 2 ). The minimum LG mean dose for developing KCS was (Table 3 ).
| DISCUSSION
The main goal of this study was to investigate the association between the ipsilateral LG radiation dose and the development of KCS after RT for the treatment of dogs with sinonasal tumors and the aim was to define a threshold dose to apply as a LG dose constraint when performing IMRT planning to decrease the likelihood of KCS development.
None of the dogs that received a mean LG dose below 20 Gy developed KCS; we elected to propose this dose as a starting point knowing the limitation of this small series with only 5 dogs developing KCS and 2 dogs receiving a mean LG dose above 20 Gy but below 25 Gy that did not develop KCS. In human radiation oncology, the mean LG dose limit to avoid KCS is 15 to 24.9 Gy given as 1.8 to 2 Gy per fraction. Because of the difference in fraction size, we cannot directly compare the doses with a 4.2 Gy per fraction protocol. To compare them, we can use the equivalent dose in 2 Gy fractions (EQD2) formula:
where D is the total dose and d is the dose per fraction. 15, 16 The reported α/β ratio of LG is 3. 17 The 20 Gy in 4.2 Gy fraction using the EQD2 formula for the canine protocol would be equivalent to 28.8 Gy if given in 2 Gy fraction and be higher than the human dose limit of 15 to Abbreviations: cm, centimeter; Gy, gray; LG V15, lacrimal gland volume that received 15 Gy; LG V20, lacrimal gland volume that received 20 Gy;
LG V25, lacrimal gland volume that received 25 Gy; LG, lacrimal gland; PTV, planned target volume. 24.9 Gy. The EDQ2 for the human dose limit using a 4.2 Gy per fraction would be 10.4 to 17.3 Gy. It is possible that the LG of dogs is more radio-resistant. In our study, the mean dose to the accessory lacrimal gland of the third eyelid was also significantly higher for the KCS eyes but the V20 (volume of the TEG getting 20 Gy) was not significantly different between the KCS positive eye and the control. While the TEG might play a role in the development of KCS in these dogs, the location of the gland in the median canthus makes it much closer to the tumor and much likely to be obliterate after radiation.
The incidence (20%) of the development of KCS is our canine population is much higher than the reported incidence with an identical protocol using TomoTherapy (3%) whereas it is better than the reported incidence of 42% in dogs treated with IMRT using a linear accelerator but with a protocol of 54 to 63 Gy in 3 Gy/fraction. 2, 3 It is possible that the use of IGRT using a CBCT during each radiation fraction that was used in both studies using the 42 Gy in 10 fractions protocol did lead to the significant decrease of the incidence of KCS by making possible a smaller PTV expansion and a better radiation positioning. The difference could also be explained by the difference in protocol with a total dose of 54 to 63 Gy in 3 Gy/fraction versus the 42 Gy in 4.2 Gy/fraction. To compare the protocol, the biological effective dose (BED) formula can be used; BED = D (1 + d/α/β), where D is the total dose and d is the dose per fraction. The BED for the protocols 54 to 63 Gy in 3 Gy/fraction was higher: 108 to 126 Gy versus 100.8 Gy. The difference between both studies using the same radiation protocol is difficult to determine but it could be because of a difference in calculation algorithm that may contribute to a difference in
LG dose but the delivery systems are vastly different and that would probably result in a more significant difference. It is well recognized that IMRT/IGRT treatment using a TomoTherapy machine often leads to a better sparing of normal tissue. 18, 19 There is also the possibility that the contours used in the TomoTherapy study were more conservative. Furthermore, the bolus used in our cases will inherently result in more superficial dose regardless of optimization and IMRT delivery.
The case control study design was selected for this study as the observation was made in our study population that the incidence of KCS was unexpectedly high when compared to a similar protocol using TomoTherapy and prompted a change in our practice where we started contouring the LGs and putting the human dose constraint during planning after December 2016. 3 We felt that we had treated enough dogs before the change to derive significant data and that we had a good consistent follow-up. Three major limitations of the current study are lack of complete ophthalmologic examination in all dogs, the small sample size, and the retrospective nature of the study.
STT were not performed routinely before the RT. We did not have records of a normal STT for the cases that developed KCS before RT. STT is a brute quantitative measurement of tear production and does not give any indication of the tear film quality. 20 However, the dogs that developed KCS had severe signs that made the owner perceive a decreased quality of life that were not present before radiation while none of the control dog owners or the veterinarians described ocular adverse effects on subsequent visits. The onset of KCS was fairly uniform in all dogs affected around 3 to 4 months after radiation. It appears that the LG might have a similar response to radiation as the salivary gland. Both are tissues that should react like late responding tissue because of their low α/β ratio and the functional (ie, excretory, acinar) cells of the salivary/lacrimal glands are highly differentiated and have a slow turnover, but they behave like acute responding tissues to radiation as the adverse events are seen weeks to months after RT. The exact mechanism for this response to RT for both tissues is still unknown. 17, 21, 22 Another limitation is the possible lack of resolution/sensitivity to delineate the actual LG in some dogs although we felt we could see them in all studies and the possible limitation associated with the small structure volume for dosimetry. 23 This is unfortunately not something that could be changed in the immediate future and is a constraint.
We conclude that contouring and applying a dose constraint on
LGs should be performed when using IMRT in dogs with sinonasal tumors to prevent KCS. A dose constraint on LG of a mean dose of <20 Gy when using a 4.2 Gy per fraction protocol seems to be a good starting point although a prospective clinical trial would need to be conducted to confirm this finding.
